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ABSTRACT 
Key Words: bivalve larvae; mollusks; transport mechanisms; types of 
estuaries; oysters; behavior; hydrography; tidal stages; salinity; 
James River, Virginia. 
The James River is the primary source of seed oysters for 
planting private beds in the Chesapeake Bay. A sharp decline in 
setting rates after 1960 accompanied cessation of oyster culture on 
private beds in the lower sector of the river. These broodstocks were 
eliminated and the beds were barren after 1960. High salinities 
permitted a new oyster disease caused by Minchinia nelsoni (MSX) to 
make planting in the lower river hazardous because of high mortalities 
(Andrews, 1964 and in press). 
Studies of larval transport mechanisms were begun in the James 
River in 1950, and extensive sampling was done from 1963-1965. 
Scarcity of larvae, even during moderate setting of early years, was a 
problem, especially lack of advanced larvae. 
During the years 1963-1965, thousands of plankton samples were 
collected with submerged pumps ·at various depths for larval counts. 
Advanced larvae remained scarce, but early-stage larvae were found at 
all depths and river-wide in channel and shoal waters. A pattern of 
high counts around high slack water and low counts around low slack 
water was found. Shallow waters and boundary zones exhibited fewer 
larvae than mid-depth zones in the channel. 
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A conceptual theory of larval transport is based on belief that 
healthy larvae swim continuously. Dispersal is extensive and 
distribution river-wide before setting occurs after 10 to 14 days of 
pelagic life. Although larvae were patchy in distribution, setting 
exhibited a declining gradient of intensity from river mouth to upper 
end of the oyster-growing sector. Setting records were collected in 
the 1940's and 1950's when spatfall was heaviest (Andrews, 1982a). 
Data show that all species of bivalve larvae exhibit these 
fluctuations in abundance with tidal stage. Because low freshwater 
discharge in late summer results in weak salt-wedge regimes in the 
channel, transport of larvae from channel to oyster bed flats is 
believed to result from net non-tidal flow and trapping of larvae in 
shallow waters by boundary effects on currents. 
Numerous broods of larvae occurred in the James River over a 
continuous setting period of 90 to 100 days prior to 1960. Losses of 
larvae due to dispersion and predation are much higher than in 
trap-type estuaries which are typical of most seed areas in Chesapeake 
Bay. A large stock of brood oysters appears to be necessary to insure 




Reproductive dispersal of marine invertebrates by pelagic larvae 
is clearly a wasteful process (Mileikovsky, 1974; Scheltema, 1975). 
Yet 80% of shallow water invertebrates have retained planktonic larvae 
(Thorson, 1964) and that is evidence of the efficacy of the method for 
species survival. Most investigators have felt impelled to search for 
a "system" whereby planktonic larvae of estuarine species respond to 
environmental factors that enhance retention in favorable habitats 
(Nelson and Perkins, 1931; Nelson, 1953, 1955, 1957; Carriker, 1951; 
Bousfield, 1955; Manning and Whaley, 1954). Recent studies of crab 
larvae revealed specific vertical migrations by various species to use 
water layers favorable for retention or dispersal (Sulkin, 1981). 
However, the prodigality of some bivalve molluscs in reproductive 
activity and the irregularity of success leads me to suspect that 
Korringa ( 1952) is nearer "reality" when he asks if it is "impossible 
to explain the setting of oysters in the headwaters of estuaries in 
terms of passive tidal conveyance alone." 
In the brackish waters of Virginia's estuaries (Andrews, 1971), 
one is impressed by the wide fluctuations in size of invertebrate 
populations. Mulinia lateralis was extremely abundant in 1961 (Wass, 
pers. comm.) but much reduced in subsequent years. It is a 
short-lived annual subject to heavy crab predation. Botryllus 
schlosseri, formerly rare in Chesapeake Bay, became an obnoxious pest 
widely-distributed on eel grass and oysters in 1965 and 1966 following 
several years of drought (Andrews, unpubl. data). It persisted in 
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lesser abundance through 1969 with spring and fall setting periods and 
rapidly budding colonies, then disappeared as salinities returned to 
normal after the 1963-67 drought period. Mya arenaria is usually 
highly successful in spring and fall spatfalls (Lucy, 1976), but blue 
crab predation prevents subtidal survival of young. Balanus eburneus, 
usually common intertidally, was very successful subtidally in several 
rivers in 1968. These observations are inextricably related to 
survival after setting, but the irregularity of setting is also 
notable. In river estuaries with net downriver discharge of water 
into bays or oceans, setting is dependent on transport regimes that 
carry or retain larvae upriver (Ketchum, 1954; Ayers, 1956). 
Exceptionally large yearclasses of blue crabs, mud crabs (Neopanopeus) 
and spider crabs (Libinia dubia) originated in 1968 and were very 
conspicuous in 1969 in the York River (Andrews, pers. observations). 
The summer-fall of 1968 provided a favorable transport regime for crab 
larvae. 
The James River has long been a famous seed oyster area sustained 
by regular annual sets from light to moderate intensity (Andrews, 
1951, 1955). Twenty consecutive years of near failure or light 
setting, beginning in 1961 (Andrews, 1982a; Haven et al., 1978), .were 
putatively associated with destruction of privately-planted brood 
stocks in the lower river by a disease caused by Minchinia nelsoni 
(MSX). A plan to deepen certain sections of the James River channel 
for navigation in the early 1960's brought a legislative request for a 
study of the hydrographic and the biologic effects on oysters. Among 
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the projects was another search for a "system of bivalve larval 
transport." 
The James River provides a different hydrographic situation for 
studying dispersal of planktonic larvae than most other seed oyster 
areas in Chesapeake Bay. The most important factor was regular 
setting in the James River. A strong and relatively persistent 
salinity gradient, relatively linear tidal forces, and strong flushing 
prevail in the river in contrast to most other seed areas where 
trapping of larvae predominates (Andrews 1979, 1982b). In the 1940's 
and 1950's, oyster setting persisted continuously for 90 to 100 days; 
this indicates that spatfall did not occur either by chance of 
spawning, accidental survival of larvae, or erratic physical changes 
in transport systems (storms, winds). Setting was regular and 
persistent each year with no failures from 1940 to 1961, but intensity 
of spatfall was consistently light to moderate (2.7 spat/shell) 
compared to other seed areas along the coast (Andrews 1951, 1955, 
1982a). Patchiness of spatfall and sharp time peaks of setting as 
observed in many other seed areas were not characteristic. It seems 
conclusive that the transport system was highly suc~essful because it 
involved many overlapping broods of larvae in one season's set. With 
spawning occurring at least weekly for over 3 months, attempts to 
follow particular broods were complicated. Also, scarcity of larvae, 
particularly advanced ones, created sampling and counting problems 1n 
attempts to obtain adequate numbers. Long-season monitoring of 
spawning readiness in brood oysters, occurrence of planktonic larvae, 
and prediction of optimum setting time were not easily achieved in the 
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James River. For a contrasting situation, in British Columbia, where 
temperatures are often too low for breeding of the Pacific oyster, 
Quayle (1969) states that spawning "is usually sudden and complete for 
any single oyster bed, and is often observed visually." The preceding 
·remarks about James River apply to the past, for the pattern of 
setting changed abruptly during the 1960's (Haven et al., 1978; 
Andrews, 1982a) following the epizootic mortality of oysters caused by 
(Minchinia nelsoni) MSX. 
In 1950, a larval sampling program was planned and executed by 
VIMS, and Mr. James B. ·Engle of the U.S. Fish and Wildlife Service 
laboratory at Oxford, Maryland, and combined with hydrographic studies 
of the James River by the Chesapeake Bay Institute. From this study 
came some of the classical work on hydrography of estuaries 
(Pritchard, 1952), but the larval work was disappointing because 
larvae were scarce. 
The failures of spatfall in the 1960's and a proposal for 
deepening the James River channel for marine shipping revived interest 
in the mechanisms of larval dispersal and setting of oysters. 
Preliminary studies of larval distribution were conducted in 1963 and 
1964 and a mass1ve effort in 1965. All studies were hampered by 
scarcity of oyster larvae, particularly advanced larvae. A light 
spatfall occurred in 1964 during the sampling period, but oyster 
setting failed completely in 1963 and 1965 in the James River seed 
area (Andrews, 1982a). The timing of studies and the location of 
stations were optimal. Based on setting records, sampling about 1 
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September at the lower end of the seed area was most favorable. Yet, 
interpretation of results was limited in value due to insufficient 
larvae in the 1960s. Most of the complications that arose in taking 
and handling the samples were the result of attempts to obtain 
adequate numbers of larvae. 
Knowledge of the fate of bivalve larvae during the 10-14 day 
planktonic period is confused, contradictory and quite unsatisfactory 
in the literature (Andrews 1979, 1982b). Most bivalves, and specially 
oysters, release millions of eggs, consequently, losses from predation 
and dispersal tend to be great. Dispersion by flushing or tidal 
action appears to be an obvious cause of larval losses. Most 
extensive investigations have been concerned with the rate of flushing 
of estuaries (Korringa, 1941), or with mechanisms utilized by larvae 
to avoid these losses. The latter is exemplified by the "Julius 
Nelson School" (Carriker, 1951; Wood and Hargis, 1971). Carriker and 
Nelson (1957) postulate larvae resting on the bottom during ebb tides 
and swimming up into currents during flood tides to move upriver. In 
contrast, Korringa reported rather uniform distribution of all stages 
with depth, and passive dispersion in proportion to the duration of 
larval life. 
Korringa (1952) also emphasized that predation is probably more 
important than flushing, but no one has attempted direct field studies 
to separate losses to predation from those by dispersal. Cerutti 
(1941) by stomach analyses reported a wide variety of invertebrates 
and fish that prey upon bivalve larvae. Lebour (1924) found bivalve 
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larvae in the stomachs of a wide variety of young fishes. 
Cyprinodonts have been found to feed on larvae as individual particles 
(Andrews, unpublished data) and probably most juvenile herrings do 
also (Lebour, 1924). Andrews (unpublished data) found adult oysters 
to be the most destructive of invertebrate filter feeders in removing 
larvae from small containers. Almost every phylum of invertebrates 
(ascidians, barnacles, jellyfish, ctenophores, chaetognaths) contains 
species that catch or destroy bivalve larvae (Korringa, 1952) by 
direct capture or filter feeding with cirri, mucous secretions or 
ciliated feeding appendages. Protozoans (Loosanoff, 1959) and many 
arthropod larvae are known to catch or destroy larvae. 
Much of the confusion among authors (Galtsoff, 1964) reflects 
failure to recognize varying physical and biological characteristics 
in different estuaries. Manning and Whaley (1954) described great 
abundance of oyster larvae in St. Marys River, a trap-type estuary in 
Maryland. Well-mixed deep waters of Long Island Sound (Loosanoff and 
Engle, 1940) differ greatly from those of shallow New Jersey lagoons 
where the Nelsons and Carriker worked. The tidal circulation of James 
River (Pritchard, 1953 and 1955) is quite different from St. Marys 
River. One would also expect predators to vary as widely as tides, 
depths, mixing rates, salinities, and temperatures. Survival of 
bivalve larvae during pelagic life varies indirectly with duration of 
larval life. Little is known about diseases, silting, abundance of 
food, storm losses and genetic problems in nature. It is not 
surprising that Galtsoff (1964) was able to make only two 
"assumptions" about larval behavior--that their own powers of movement 
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are very limited and that they are inevitably dispersed far beyond the 
spawning grounds. These conclusions are almost self-evident. 
In recent years, eager groups of culturists have learned much 
about bivalve larvae behavior by observation and manipulation of 
cultures in commercial and research hatcheries. Most would agree that 
healthy larvae swim continuously in standing water, that they avoid 
strong light, that they are gregarious as larvae when setting, that 
changes of temperature and salinity will cause temporary cessation of 
swimming, and that food is a critical factor in crowded containers. 
It is also known that duration of larval life in hatcheries varies 
from less than 10 days to over 30 for oysters. Growth rates depend 
primarily on temperatures and food quality, and these requirements may 
vary with bivalve species and races. Some of this hatchery 
information may be extrapolated to natural conditions in designing 
experiments for larval transport studies. No one should be surprised 
if oyster larvae migrate downward during the day in clear Bras d'Or 
lakes, Nova Scotia, (Medcof, 1955), or that they ignore light in 
turbid waters of southern coasts of North America. The important 
points to recognize are that larvae may behave differently in various 
environments and that the causes of high losses may be multiple in 
source and variable in importance. 
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II. METHODS 
1. Collecting plankton samples. 
This paper is as much concerned with methods of study as results. 
Therefore, full descriptions of river conditions and sampling methods 
are given. In many oyster-growing areas, plankton sampling for 
prediction of time of setting is useful (Quayle, 1969; Sayee and 
Larson, 1965). The sampling need not be strictly quantitative and 
results of long plankton net hauls or long runs with intake pipes 
inserted at appropriate depths are indicative of current populations 
of advanced-stage larvae. Only a few investigators of larval 
dispersal have been fortunate enough to collect high numbers of 
advanced larvae and these were usually in enclosed areas where larvae 
were trapped or concentrated by tidal currents or density 
stratifications (Quayle, 1969). The experiences of Hidu and Haskin 
.(1971) in Delaware Bay are exceptions in open systems, for advanced 
larvae were found in abundance along the Cape May shore. 
For prediction of setting intensity, abundance and distribution 
of larvae may be determined by sampling at mid-depths along transects 
of an estuary. Sampling to determine behavior and dispersal of larval 
broods is a much more complicated problem. Field sampling at fixed 
stations involves many difficulties. Daily, weekly or irregular 
sampling without regard for tidal stages or knowledge of larval swarms 
may be worthless and often quite misleading. Intensive hourly 
sampling in three dimensions with only a few stations soon results in 
thousands of samples. Many investigators have taken small samples of 
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50-100 £ that may provide adequate counts of early larvae, but too few 
of those of setting size for significant conclusions. Large samples 
of 500 to 1000 £ create laboratory problems in counting or 
sub-sampling large quantities of plankton, sand and detritus. Also, 
sub-sampling techniques are often not adequate and replication 1s 
required. Lastly, if field sampling results in adequate numbers of 
larvae the task of counting becomes overwhelming; therefore, it has 
been usual to ignore most bivalves and other larval plankters to 
facilitate counting of oyster larvae. Probably similar or possibly 
identical mechanisms of distribution are involved in many marine 
organisms releasing larvae in tidal waters, particularly other bivalve 
larvae. 
The James River seed area normally (1950's) exhibited setting for 
some 100 continuous days without high concentrations of advanced 
larvae. Casual sampling in the late 1940's revealed that during 
periods of intensive setting at J17 (Wreck Shoal oyster bed, 17 
nautical miles from mouth of river, Fig. 1), most plankton samples 
contained few or no oyster larvae. It became obvious that frequent 
samples around the clock would be necessary to detect larval swarms 
moving over the beds. Daily and weekly sampling that are commonly 
reported in the literature (Shaw, 1969) are relatively useless in the 
James River. 
In a flushing-type estuary such as the James River the need for 
hourly samples in three dimensions intensifies problems greatly. 
Since tidal movement is the major system of transport of microscopic 
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larvae, whose swimming capabilities are effective only in the vertical 
plane, it seems imprudent to ignore tidal stage in planning sampling. 
There is little agreement in the literature on vertical 
distribution of bivalve larvae in estuaries, or on lunar cycle effects 
if any (Korringa, 1941, 1952; Carriker, 1951, 1961; Manning and 
Whaley, 1954; Sayee and Lawson, 1965; Galtsoff, 1964). One must 
include the vertical plane in a sampling program to study transport 
mechanisms. Galtsoff's statement that many observers found newly 
attached spat far out-numbering free-swimming larvae, particularly of 
the umbo stage, is ample evidence that these investigators did not 
appreciate the patchiness of bivalve larvae, and the need for frequent 
and continuous sampling for days. Scarcity of larvae, which by 
comparison with other areas reported in the literature appears to be 
extremely acute in the James River, necessitated large samples and 
excessive searching through plankton, fecal pellets and bottom 
detritus to count adequate numbers of larvae. 
In 1950, we chose an area in the middle of the seed area (Wreck 
Shoal) where setting and survival of spat were optimal, but this 
proved not to be the optimal place to study larvae. The distribution 
of spatfalls, heavier near the channel, led to the concept that 
channel currents were most important in transporting larvae upstream, 
therefore, it seemed vital to determine how these larvae were 
distributed from channel to shallow flats where oyster beds are 
located. The need for horizontal samples in two dimensions was 
obvious. 
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2. Plans for 1950 Larval Study 
The 1950 larval study was conducted at the J17 level of the river 
(Wreck Shoal) from 30 August to 3 September with four vessels (Fig. 
1). The J17 area is the most prolific seed-producing part of the 
river, but it was not realized until later that a gradient of setting, 
and therefore of larval abundance, existed with the highest potential 
for larval abundance and the most intensive spatfalls towards the 
mouth of the river. In 1950, VIMS provided two vessels (Anomia and 
Virginia Lee) and Chesapeake Bay Institute two (Maury and a heavy navy 
workboat). These were arranged across the river along the Jl7 
transect with the Maury in the channel (near Buoy Nun "12"), the two 
smaller boats stationed over oyster beds well inshore of the channel, 
and the Virginia Lee taking daytime samples at the lower and upper 
ends of the seed area (J11 and J24, Fig. 1). Surface and bottom 
samples were taken hi-hourly (sometimes hourly night and day on the 3 
m deep Wreck Shoal seed bed) with surface, 3 and 6 m sampling depths 
in the channel (7 m deep). A Perco Wing pump was hand-operated on the 
Anomia at Wreck Shoal bed and the other vessels used electrical pumps. 
Samples were pumped into No. 20 plankton nets immersed in barrels with 
100 £marks. The intake hoses had coarse-mesh wire cages attached 
over the end to exclude jellyfish and ctenophores. All samples were 
taken from anchored boats. During strong ebb and flood tides the 
intake hose was raised off the channel bottom as much as 1 m to avoid 
excessive silt. 
Samples were preserved with 1% formalin and condensed by settling 
and decanting to 10 ml in vials. Sedgwick-Rafter cells were used to 
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count 1 ml samples pipetted from vials during agitation. Only three 
categories of bivalves were recorded including oysters, mussels and 
others. Many samples contained no oyster larvae although setting was 
intensive (40 spat per shellface on four replicate st~ings of 10 
shells each) in the area during the week of sampling (30 August to 6 
September). Mr. James B. Engle confirmed the identification of oyster 
larvae in those days before hatcheries were commonplace. Sullivan's 
(1948) paper and photographs of bivalve larvae and Loosanoff's 
photographs of~· virginica were available, but Ree's (1950) important 
paper on identification of bivalve larvae was not. The uncertain 
status of bivalve larvae recognition then can be judged from the 
author witnessing one famous expert showing pictures of Mya larvae by 
projection only to have another "expert" inform him they were not Mya. 
The conference was only concerned with Mya. 
Failure to find advanced oyster larvae in 100 ~ samples led to 
500 ~ samples with coarser mesh nets, but older larvae were found only 
rarely. About 400 samples were taken in four days at 3 fixed stations 
and 7 total depths plus a few by the "roving" boat. Most samples were 
counted by Dexter Haven, Jeanne McCutcheon and the author. About 15 
people werP. involved in the field work including hydrographic studies. 
The larval studies are unreported except for Pritchard's (1953) 
remarks based on counts provided by the author. 
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3. Larval Sampling Programs in the 1960's. 
In 1963, after several spatfall failures in the James River seed 
area, new attempts were made to study larval abundance and 
distribution. The channel area opposite Brown Shoal bed (Jll), just 
above the bridge in the lower seed area, was chosen because gradients 
of setting patterns indicated that more larvae occurred in the lower 
river. On 6 and 7 September 1963, the Pathfinder was anchored in the 
channel and 12 minute Reda pump samples of over 300 ~ were taken 
hourly from depths of 0, 3, and 6 m for over 24 hr. Extra samples 
were taken for immediate examinations of live larvae on board the 
vessel. These samples contained few bivalve larvae of any kind. 
Later, Sedgwick-Rafter counts of 1 cc aliquots (1/10) gave counts of 
less than 10 larvae per slide. Effort was spent identifying unknown 
larvae (Turner, 1975). The year 1963 was a failure for larval studies 
and setting on natural beds. 
In 1964, the Pathfinder was anchored in the channel at Brown 
Shoal (J11) on 31 August and 300 ~ samples were taken hourly with a 
Reda pump and No. 20 net from 1000 to 2400 at four depths (0, 3, 6 and 
9 m). A severe storm drove the two boats on shoals out of the river 
at midnight. Dr. R. A. Woodmansee persisted in taking samples in wind 
and rain for several hours in the channel. Large numbers of larvae of 
several species, including some advanced oyster larvae, were found in 
exploratory samples. Therefore, a four-boat sampling operation was 
organized for 3 September 1964. The Pathfinder was in the channel at 
J11 with the Brooks and Hoxan inshore on either side and the ferryboat 
Langley at Wreck Shoal (J17) in the channel (Fig. 1). Pump samples 
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were taken hourly at four depths in the channel and two depths 
inshore. Only one electric pump was on each boat, therefore 12 minute 
samples were taken consecutively from surface to bottom depths. Pumps 
were calibrated frequently with known volume buckets and samples were 
close to 300 ~ each with Reda pumps but only about 100 ~ on inshore 
boats with Little Giant pumps. 
4. Counting plankton samples in 1964. 
The samples were counted by Mr. Paul Chanley using three two-ml 
sub-samples on Sedgwick-Rafter cells without covers. The volumes of 
the samples were measured (usually 60 to 100 ml) and the counts 
converted to larvae per 100 liters. The sub-samples were taken in one 
operation from the sample bottle while the contents were magnetically 
stirred. A lower limit of 50 larvae was imposed for total counts from 
the three sub-samples but it was seldom necessary to take additional 
aliquots because the counts usually ranged from 100 to 800 larvae. 
The first 50 larvae were measured to determine the proportion of each 
stage and size, but complete counts of three cells for each species 
were used for estimation of larval abundance per 100 ~. Most oyster 
larvae were straight-hinge or early umbo (120 to 150 ~m) with some 
advanced stages. About 11 samples were counted completely to 
determine the accuracy of aliquot sampling for population estimates. 
Formalin was neutralized with an excess of sodium borate crystals 
which was a highly satisfactory method; samples taken in September 
1964 were still 1n perfect condition for identification of bivalve 
larvae in March 1969. 
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5. Methods for Operations Kite and Tail, 1965. 
One of the possible consequences of channel deepening was that 
larval transport, therefore oyster setting, would be modified in the 
James River seed area. Although setting by normal standards, had 
failed during four consecutive years there were substantial numbers of 
larvae in 1964 and a very large sampling program was planned for 1965. 
Five boats arranged in the shape of a kite with the ferryboat Langley 
as the centerpiece in the channel at Jll (Brown Shoal area) were 
deployed early in September (Fig. 1 and Fig. 6). An army landing 
vessel (LCU) was placed in the channel about one nautical mile above 
the Langley and another an equal distance below it. The Brooks and 
Pathfinder were anchored inshore on either side of the Langley. The 
original plan was to deploy when and if oyster larvae appeared in 
adequate numbers as indicated by tow-net (No. 20) monitoring through 
August. However, the operation became so large, with 68 people 
required in the field, that fixing a date in early September was 
necessary to utilize students and temporary summer people. Oyster 
larvae never occurred in adequate numbers, but the operation was 
executed anyway for hydrographic purposes. 
The equipment assembled by Dr. Langley Wood for plankton sampling 
was greatly improved compared to previous sampling programs. New 
pumps, nets and hoses were mounted with specially-built water boxes in 
batteries of two or four permitting simultaneous sampling at all 
depths and all stations. Sampling was hourly on the hour with extra 
samples which were monitored both as live and preserved larvae on the 
Langley between regular samples. Sampling continued 24 hr a day for 
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five consecutive days. Samples accumulated at the rate of 16 per hour 
or nearly 2000 in five days. Little Giant pumps, each calibrated 
regularly by overflow of plastic buckets, were run 15 minutes and 
pumped about 300 t of water. Plankton samples were swirled and washed 
down into bottles attached to the nets and transferred to larger 
bottles containing a volume of sea water equal to the sample with 
NA(HC03) buffered formalin and sugar (Carriker, 1951). Labeled 
bottles containing the preservatives were prepared in advance. Sample 
information was recorded in log books. 
Success of the oyster larvae studies depended heavily upon 
obtaining advanced larvae. Although relatively few larvae were found 
during Operation Kite and the oysters were mostly straight-hinge 
larvae, it was hoped that advanced larvae would be encountered a week 
later. Operation Tail was organized on a smaller scale with three 
boats for a two-day program. The Langley was located in the channel 
at J11 with the Pathfinder one mile down river in the channel and the 
Brooks inshore (east) on Brown Shoals. The plankton collections were 
essentially identical to those for Kite with a different labelling 
system on bottles and more prec1se calibration with a point overflow 
through holes in 15 t plastic waste baskets. The same watch personnel 
taking plankton samples performed hydrographic measurements thereby 
requiring only 23 people for this operation. Another 500+ samples 
were obtained. 
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6. Counting Plankton Samples from Kite and Tail. 
Setting was a complete failure in 1965 and oyster larvae were 
correspondingly scarce. Few samples had more than 1000 bivalve larvae 
in 300 ~ and about half were in the range of 100 to 200 larvae of all 
bivalve species combined. One and two ml samples of condensed volumes 
from 10 to 100 cc yielded too much plankton on Sedgwick-Rafter cells 
for easy counting and too few larvae to be meaningful. It became 
obvious that counts of total samples of all species of bivalve larvae 
were necessary to get useful data. 
Swirling in four-inch watchcrystals was applied to center larvae 
and to pipette off lighter plankton thrown to the margins. This 
method was used successfully by previous investigators to separate 
advanced larvae (Carriker, 1951). The supernatant from well-settled 
bottles was transferred to clean bottles and the plankton poured into 
watchcrystals. All bottles, watchcrystals and pipettes were rinsed 
after each operation with the supernatant. The remaining plankton and 
sand in the concentrate were transferred to counting cells. To avoid 
dense plankton concentrations, often several cells had to be used on 
each sample. After the first "swirl" was counted, the remaining 
material was treated in the same manner aga1n. This was repeated 
several times until very few larvae were found. A series of trials 
indicated that three "swirls" or treatments of samples usually gave 
rapidly declining numbers of larvae from which the total could be 
calculated. 
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Two full-time and three part-time counters were involved and all 
were experienced biologists with college degrees or the equivalent. 
Unfortunately, I did not have the counters process the same samples in 
a test series, but depended on declining counts as evidence of 
effective extraction of larvae by swirling. My own inability to 
obtain consistent declining counts should have been a warning. 
Integrity and faithfulness of the counters was above questioning, yet 
they "learned" to process samples and obtain declining counts. It 
later became apparent that three counters obtained "high" counts and 
two got "low" ones. Most of the samples were processed by the two 
full-time counters, one being a "high" counter the other a "low" 
counter. My own counts of samples that the other five had counted 
were "high". One part-time counter with "low" counts was a biologist 
with long experience in counting larvae. Obviously the swirling 
method was defective largely because most of the larvae were 
low-density straight-hinge or early umbo larvae of oysters, Mulinia 
lateralis and Anomia simplex, three very similar species of larvae. 
The worst variance of counts was about 2 to 1, and the average 
was much better. The two full-time counters worked approximately 
equal numbers of samples at all depths and at all stations in a random 
manner, thereby minimizing the effects of counting variations when 
data for depths or tidal stages were combined. It is obvious from the 
data that all species of larvae increased and decreased rhythmically 
with tidal stage, and that surface and bottom samples had fewer larvae 
than those from middle depths. Fortunately, there were some advanced 
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larvae of species other than oysters which seemed to follow the same 
patterns of abundance by tidal stage as seen for early-stage larvae. 
Identification of larvae by species and stages was my 
responsiblity. Preparation for this involved many years of experience 
with bivalve larvae and the aid of photographs by Sullivan (1948), 
Rees (1950) and Loosanoff (separate photographs). Perhaps most 
important was the aid of Paul Chanley who had cultured most of the 
species in the laboratory. He had preserved reference collections of 
larvae, and was preparing keys and descriptions with photographs for 
publication (Chanley and Andrews, 1971). Several of the less common 
species were unknown but each one recognized as distinct was given a 
descriptive name for counting purposes. All counters were frequently 
spot-checked to insure that species were being put in the same 
category. The larvae for which there was little doubt about 
identification or categories were oysters (Crassostrea), Anomia, 
Mulinia, Anadara (two species), pholads, and ~yonsia. Mya was absent, 
Mercenaria and teredinids (shipworms) were scarce and two species of 
mussels were probably confused and placed in several categories. At 
that time the common hooked mussel Brachidontes recurvus had not been 
cultured in the laboratory. Very young Mulinia and oyster larvae 
(first 24 hr) may have been confused at times. An attempt to 
designate Petricola without my knowledge and concurrence resulted in 
some confusion in the unknown categories in the middle of counting. 
However, these unknown and doubtful larvae were few 1n number and were 
combined with other bivalve larvae for analyses. 
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Early attempts were made to count larvae at low power under 
binocular scopes by picking through the detritus with needles but the 
small size of larvae and large quantity of plankton and detritus 
precluded such counting much less identification. Counts were made at 
lOOX by moving Sedgwick-Rafter cells up and down in field-wide strips 
from one side to the other. In retrospect, it would have been 
desirable to have marked the counting cells with guide lines but at 
the time there seemed to be no problem because of scarcity of larvae 
and urgency to count so many samples. After several months of 
experience the two full-time counters were averaging between two to 
three samples each per day. Some inshore samples where the boat 
anchor dragged and when samples were taken on the bottom required up 
to 20 Sedgwick-Rafter cells for the first "swirl". 
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III. RESULTS 
1. The 1950 Larval Study 
The patchiness of oyster larvae and the scarcity of advanced 
stages were striking (Tables 1 and 2) in view of a background of 
intensive riverwide setting during the week of sampling (Andrews, 
1982a). From one-third to over half the samples had no oyster larvae 
and only rarely were stages more advanced than straight hinge found 
(Table 2). Mussel larvae were usually present and more abundant than 
oyster larvae and all other bivalve larvae combined. No patterns of 
distribution by time, space or tide were deduced from the data 
although it appeared that oyster larvae were passing the sampling 
stations in discrete swarms. Mussels were more widely distributed 
than oysters, and fluctuations in abundance showed little relationship 
among species. 
At all stations and depths, patchiness appeared to be much more 
predominant in oyster and other bivalve larvae than in mussels. Many 
more oyster larvae were found over the Wreck Shoal oyster bed at Jl7E 
(Table 3) than at the channel station Jl7 (Table 1). The range of 
counts was very great for oyster larvae and not consistent with 
depths. For example, 6280 of 8514 total oyster larvae in 30 samples 
at 3m (Jl7, channel) were found in one sample. Therefore, averages 
could be quite deceptive. It does appear that in the channel the most 
larvae of all kinds were found at 3 m depths and the least at 6 m near 
bottom. Neither surface nor bottom layers were favorable zones for 
occurrence of oyster larvae although mussels seemed to be distributed 
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throughout the water column and were rarely absent from samples. At 
J17E (Table 3) o~er Wreck Shoal, oysters particularly, and usually 
other larvae, were much more abundant in surface samples than in those 
taken near the bottom (about 3 m). Only three categories of larvae 
were counted--oysters, mussels, and other bivalves. These were easy 
to identify. Total bivalve larvae by depths are given in Tables 1 and 
2 of the appendix for Jl7 and J17E stations. 
2. The 1963 Larval Study 
This was an exploratory program of 24 hr duration with the 
Pathfinder anchored in the channel at J11 just above the James River 
Bridge. The purpose was to explore availability of larvae in the 
lower seed area with large samples taken hourly at three depths 
through a tidal cycle. Setting was a failure in the seed area in 1963 
and larvae were accordingly scarce. The weather was calm permitting 
extra samples to be examined on the vessel with a binocular scope, 
both alive and preserved. For the first time, advanced and eyed 
larvae were seen in some abundance. Extra samples of 20 and 30 
minutes pumping (about 500 to 1000 £) had a maximum of several dozen 
late and eyed oyster larvae centered in a swirled watchglass. Most 
monitoring samples had only a few advanced larvae and not many larvae 
of any kind. Later, preserved samples were examined in toto after 
swirling in a watchglass (without removal of any plankton) by probing 
with a needle. These observations were supplemented with 
Sedgwick-Rafter cell counts of swirled samples and advanced oyster 
larvae never exceeded 10 per 300 £· Only 33 of 47 samples were 
counted for the numbers were too low to reveal any patterns. 
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Straight-hinge oyster larvae and clam and mussel larvae were also very 
low in abundance--usually less than 100 of all larvae per sample. The 
only encouraging aspect of the 1963 sampling was the finding of some 
advanced larvae in a year of setting failure. 
3. Results of the 1964 Study 
The conditions for obtaining significant numbers of advanced 
oyster larvae seemed nearly optimal on 31 August for the James River. 
Gonads of oysters sampled from public and private beds on 20 and 26 
August indicated that a large spawning had occurred between these 
dates. Although stratification is almost negligible in late summer in 
Hampton Roads, a wind-free weekend preceding the 31 August (Monday) 
operation provided typical nearly homogenous density regimes for the 
season. No setting of oyster spat had occurred prior to the week 
beginning 25 August but a light spatfall, the best in the 1960's for 
the seed area, was found upriver that week and in two subsequent 
weeks. The point being emphasized is that the best timing and 
conditions for larval studies during the 1964 season were chosen 
deliberately by monitoring larval abundance, oyster spawning and 
setting. 
In the samples collected on 31 August, there were appreciable 
numbers of bivalve larvae (Table 4) and nearly all oyster larvae had 
reached the umbo stage thereby insuring accuracy of identification and 
counts (Table 5). Bivalve larvae were most abundant at mid-depths 1n 
the channel. A considerable number of advanced larvae were found and 
the average size of all oyster larvae in the first ten samples ranged 
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from 109 ~m to 173 ~m (Table 3, appendix). These umbone larvae 
continued to occur throughout the day and in the few samples taken on 
1 September. There was no influx of straight-hinge larvae. 
The severe storm on the night of 31 August was not predicted, but 
a coastal low backed into Hurricane Cleo and drove two of three boats 
on the Brown Shoal transect of the river to harbor. Finding umbone 
larvae in samples induced us to mount another operation on 3 September 
and to further explore the horizontal distribution of larval swarms. 
On 3 September 1964, the number of oyster larvae had increased 
greatly (up to 60 t) at J11 (Table 6), but straight-hinge larvae 
predominated and umbone larvae had declined sharply. The abundance of 
other bivalve larvae remained fairly low and constant, whereas oyster 
larvae fluctuated widely. Mid-depth samples contained several times 
as many larvae as surface and bottom samples (Table 7). Mulinia 
larvae were usually second in abundance with Anomia, Anadara, pholads 
and mussels following in approximately that order. 
Upriver at J17 in the channel, there were fewer oyster larvae but 
a much higher proportion of advanced-stage larvae (Table 8). These 
were the highest counts of late-umbone larvae (> 200 ~m) in the four 
years of intensive sampling. Both early- and late-stage umbone larvae 
were most abundant in near-bottom samples and declined steadily in 
numbers as samples were taken nearer the surface (Table 9). The 
averages show these changes very clearly. However, there were some 
late-umbone larvae at all depths. Only a light set occurred in the 
seed area despite an abundance of advanced larvae far greater than was 
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encountered in the James River 1n earlier and later years. 
For the boat anchored inshore over Wreck Shoal on 3 September, 
there were fewer advanced larvae in surface and bottom samples with no 
patterns of distribution with time. The boat was moved inshore and 
downriver in a search for advanced larvae during the 8 hr of sampling, 
therefore only a general estimate of larval abundance was possible. 
Data for evaluation of the aliquot method of sub-sampling are 
presented in Table 10. Total counts were made by the one person 
(Chanley) who did the aliquot sampling. Some rather significant 
variations occurred, especially in the earlier counts while methods 
were being developed, but the level of abundance is estimated 
reasonably well by the aliquot method for the set of data. By chance 
these test samples had the lowest abundance of larvae in the series 
for 31 August and particularly low were oyster larvae (cf. Table 4 for 
1903 to 2230 -- samples 21 to 32). One would expect improvement of 
estimates by aliquots from samples with higher larval populations. 
The excessive burden of making full counts became obvious to the 
author in the first few samples processed. 
4. Results of 1965 Sampling Program 
a. Cyclic patterns of larval abundance with tidal stage. 
Throughout 5 days of larval sampling during Kite and 3 days 
during Tail in early September, bivalve larvae showed a persistent 
rhythm of cyclic abundance with tidal stage (Fig. 2). The Pathfinder 
station below the James River bridge, was the lowest station in the 
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channel, whereas Langley station was about 2 km upstream above the 
bridge in the channel. Lowest counts occurred around low tide, and 
highest counts around high tide. Larvae were 5 to 10 times as 
abundant from mid-flood to mid-ebb as during the other half of tidal 
cycles. It appeared that in the channel about equal numbers of larvae 
were carried upstream during flood tides and downstream during ebb 
tides. These patterns occurred on inshore flats as well as in the 
channel. The patterns of abundance with tidal stage were similar for 
all depths, therefore, data from 4 sampling depths were averaged in 
Fig. 2. Hourly cohorts per 100 t are plotted by depths for the 
Langley station in Fig. 3 and Pathfinder station in Fig. 5. More 
larvae were found at 4 and 7 m depths than at 1 and 10 m. The 
boundary layers near surface and bottom consistently had fewer larvae. 
All species of bivalve larvae participated in these rhythmic 
cycles of abundance with tidal stage as shown in Fig. 4 and Fig. 6. 
These data from 4 depths at Pathfinder station were averaged by 
species. Most species had too few larvae to plot separately, 
therefore, they were grouped as other bivalves. For all species, most 
larvae were early- stage straight-hinge larvae as would be expected. 
Nearly all oyster larvae were straight-hinge or early umbo stage 
throughout the 8 days of sampling between 31 August to 11 September 
1965. Some species such as Anomia simplex had a fair number of 
advanced larvae, but these abundance patterns reflect domination by 
early-stage larvae of oysters and other bivalves. 
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b. Comparison of inshore and channel populations of larvae. 
The data for inshore abundance of bivalve larvae were 
frequently compromised by failure of sampling techniques. 
Attempts to get samples near surface and bottom layers over 
shallow oyster beds (<3 nt) often resulted in dirty samples 
difficult to count or without larvae. A sampling program from 
mid-depth layers would have been more informative about larval 
populations. 
The cyclic patterns of bivalve larval abundance with tidal 
stages were repeated inshore on Brown Shoal over oyster beds with 
water depths of only 3m (Brooks, Fig. 7). Bottom and surface 
data and combined populations show that highest larval populations 
occurred between maximum flood and high-slack water. The peaks of 
abundance appear to be a little earlier than in the channel from 
which the tidal stages we~re obtained. This could be a consequence 
of earlier turns of tides over flats as compared to the channel 
especially deeper layers where tides are last to turn. The ratios 
of larval abundance at high tides seem to be 10 to 1 or more over 
those for low tide periods. Again, only early-stage oyster larvae 
were abundant. 
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IV. CONCLUSIONS AND DISCUSSION 
1. Larval studies in 1950 
Sampling a transect of the seed area at the Wreck Shoal level for 
five consecutive days failed to reveal any trends in distribution, 
abundance or size of bivalve larvae. The program was planned to 
sample two dimensions--depth and channel vs. inshore shallow flats. 
The transect across the river was chosen because it included the most 
productive oyster bed in the seed area where setting occurred 
regularly. Sampling was planned not to exceed 400 samples because 
only the author and a part-time technician were available to make 
counts. Most samples were counted in the winter of 1950-51 but some 
were only scanned later for relative abundance of larvae. The project 
was not very rewarding for the behavior of larvae although the 
hydrographic studies are now important references (Pritchard, 1953 and 
1955). Sporadic daytime samples taken at J11, J17W, and J24 were 
never counted. 
The size of samples (100 Q,) and the methods of counting were 
considered adequate thirty years ago. Sampling every two hours was 
also intended to limit the number of collections although hourly 
samples were taken on the little whaleboat Anomia one day (Table 3). 
Also, scarcity of advanced larvae induced me to take 9 samples of 500 Q, 
each. Only 3 eyed or advanced larvae were found in aliquots of 1/10 
of these 9 large-volume samples collected with a number 12 plankton 
net. Scanning of whole samples in watch glasses revealed the 
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near-absence of advanced larvae. Small larvae were essentially absent 
for they passed through the net. 
A variety of comparisons and compilations were made looking for 
patterns of abundance between ebb and flood tide, night and day, and 
by depths, but the data were inadequate for such analyses. The data 
suggest that samples taken too near the surface or the bottom are 
likely to have fewer larvae than mid-depth samples. Surface samples 
were taken with the intake hose barely submerged from wave exposure 
and bottom samples were deliberately taken as close to the bottom as 
possible without getting inordinate quantities of silt. Often it was 
necessary to raise the screened intake nozzle 1 m from the bottom to 
avoid the turbidity layer during strong tides. 
The 1950 studies must be considered exploratory and inconclusive 
about larval ecology. They did demonstrate that sampling must be 
intensive with large samples in the James River, and that an open 
flushing river is a much more~ difficult area to study than lagoons and 
relatively closed estuarine systems where most larval studies have 
been made. Timing in early September was optimal for the James River, 
but an attempt to follow larvae from the first major spawning in late 
June yielded no oyster larvae (Operation Oyster Spat I). The scarcity 
of oyster larvae at a time of intensive spatfall and their apparent 
spotty occurrence in swarms that passed fixed sampling stations 
strongly discouraged subsequent efforts to study larval behavior and 
distribution. It became apparent that massive efforts with frequent 
around-the-clock sampling were required to reveal the transport of 
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oyster larvae in the James River. Strong doubts about the validity of 
random, daily and weekly plankton samples often reported in the 
literature have persisted in the author's mind. 
During the decade of the 1950's, no further serious attempt was 
made to study larval distribution in Virginia. It was concluded that 
prediction of setting by following larval broods was an impossible 
task. Reliance was placed upon weekly monitoring of spatfall and 
seasonal counts of spat on artificial and natural cultch. The 
spatfall studies revealed patterns of timing and intensities of 
setting that were useful in choosing potential seed areas and in 
planting cultch (Andrews, 1951, 1970). In 1958, Dr. D. B. Quayle, a 
most successful practitioner of the art of prediction of setting in 
British Columbia (Quayle, 1969), spent a summer in Virginia exploring 
the occurrence of larvae and the practicality of using above-bottom 
cultch (shellbags) to enhancE! seed production. It was a year of most 
intensive setting from shore to shore in the James River and shellbags 
caught an excess of spat, but: little encouragement was gained from 
limited larval studies. Large swarms of larvae were encountered 1n 
Mobjack Bay but they dissipated without producing sets. 
Late setting is typical of James River and it seems to be related 
to larval dispersion and losses rather than time of spawning or water 
temperatures (Andrews, 1955). Annual variations 1n spatfall included 
river-wide sets, usually, but: in some years inshore areas failed to 
get sets and in others the upper part of the seed area received either 
too little or too much set (Andrews, 1982a). Setting is not usually 
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patchy in localized areas although it may be selective for oyster beds 
with live oysters. Shellplantings on barren bottoms just below Wreck 
Shoal received much less spat:fall than natural cultch on this famous 
bar. Yet larvae had to pass over the shellplanting to get to the 
. 
oyster bed. The patterns show that setting decreases progressively 
with distance up-river (usually) and may skip inshore areas, thereby 
suggesting that dispersion of larval broods by storms and tides 
predominates over predation in limiting spatfalls. 
The shock of several consecutive years of setting failure in the 
early 1960's and the threat of depletion of the James River seed area 
rekindled interest in larval ecology. The patterns of setting became 
more erratic in the 1960's and the levels of abundance too low for 
effective use of spat as indicators of larval dispersion. Setting 
patterns revealed that spatfalls were continuing each year in Hampton 
Roads, but often larvae barely penetrated the seed area in the channel 
near Brown Shoal. Therefore, our initial study under the reduced 
setting regimes in the 1960's was conducted in the channel at Brown 
Shoal (J11) in 1963. 
2. Larval studies in 1963 and-1964 
Larvae were scarce in 1963 in 300 ~ samples, for it was a year of 
almost complete setting failure 1n the James River seed area (Andrews, 
1982a). However, the sampling location at Jll was an improvement over 
the Wreck Shoal area (J17) in regard to abundance of advanced larvae. 
Some advanced and eyed larvae were found, and larvae of other bivalve 
species, usually associated with higher salinities, occurred regularly 
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in the samples, whereas straight-hinge mussels tended to dominate 
upriver samples in lower salinities in 1950. Lastly, some oyster 
larvae were encountered in nearly all samples. We had apparently 
moved our sampling site from the upriver fringes of larval swarms 
towards the center of distribution. Probably, the center of 
broodstock populations was at Wreck Shoal after loss of Hampton Roads 
stocks to MSX in 1959-60. Wreck Shoal typically exhibits summer 
salinities of about 15 °/oo, therefore, one might expect that larvae 
of mesohaline species would not penetrate far into the seed area. 
The year 1964 provided the best opportunity for larval ecology 
studies during the decade as judged by the intensity of setting. 
Intensive monitoring of setting in 18 previous years led us to plan an 
operation close to 1 September for maximal abundance of larvae. 
Fortunately, a major spawning occurred in the last week of August as 
shown by gonad conditions in oysters. A two-dimensional sampling 
operation on was mounted at Brown Shoal on 31 August. This sampling 
was interesting also because windy weather conditions prevailed. It 
was unfortunate that the operation was interrupted by the storm, for 
three days later advanced oyster larvae were missing at Brown Shoal. 
The storm may have caused this dispersion although it did not cause 
larvae to drop out of the water column. Setting continued in the seed 
area above the Jll sampling station for two more weeks after 2 
September. 
Oyster spat set throughout the seed area in 1964 (Andrews, 
1982a), although with intensities well below the 1950's level. It 
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seemed desirable to determine the abundance of larvae at the Wreck 
Shoal transect as well as the Brown Shoal level of the river. 
Therefore, a 12 hr operation was planned for 3 September to sample 
channel stations continuously and inshore ones for a few hours at both 
levels of the river. Advanced larvae were relatively scarce except in 
the channel at Jl7 and oyster larvae of a new spawning characterized 
the samples. All species of larvae were less abundant at the Wreck 
Shoal station than at Brown Shoals, notably oysters and Mulinia. The 
lower abundance of larvae at depths near surface and bottom was 
evident at both channel stations but more marked at Brown Shoal. The 
choice of surface and bottom depths over shoal oyster beds in 10 feet 
of water was unfortunate for the intermediate depths are now believed 
to be most favorable for assE~ssing larval abundance. The occurrence 
of several species of larvae in all samples regardless of time and 
depth was a major change from the 1950 results at Wreck Shoal. 
3. Discussion of Sampling in 1965 
Setting was a failure 1n 1965 and advanced bivalve larvae were 
scarce. Mostly straight-hinge oyster larvae were encountered. Some 
advanced larvae for other spE~cies were found. All samples for 3 ship 
stations (Operation Tail) over 3 days at 10 depth sites per hour were 
counted for all bivalve larvae. A large variety of species was found, 
and most were identified by stages also. All samples were taken 
simultaneously on the hour at all stations and all depths. Additional 
samples for monitoring were examined on ship board to determine what 
larvae were present and their relative abundance to determine future 
counting priorities. 
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Throughout 8 days of hourly sampling in Operations Kite and Tail, 
bivalve larvae exhibited regular cycles of high and low densities with 
tidal stages. Peak numbers of larvae occurred around high tide 
periods and low counts occurred regularly near low tide stage. The 
fluctuations in abundance from high to low tide were at least 5 to 1 
and rapid changes occurred around mid-flood and mid-ebb. Because 
oyster larvae were found in only straight-hinge stages of 3 to 4 days 
of age or less, continuous re:cruitment of new broods must have 
occurred. 
Patterns of distribution inshore over oyster beds were similar to 
those in the channel with fewer larvae and greater differences in 
abundance between high tide and low tide periods. The ratios were 
about 10 to 1 in favor of the high-tide period. Abundance decreased 
rather rapidly in the channel with distance upriver although ship 
stations were only 2 km apart. The scarcity of advanced larvae over a 
11-day period at the optimum time for setting suggests that survival 
was low due to dispersion and predation. The occurrence of some 
advanced larvae of other species with small spawning populations (e.g. 
Anomia) was particularly discouraging and inexplicable in respect to 
poor survival of oyster larvae. 
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4. Theory of Larval Transpox·t 
After the advent of MSX disease in 1960, most brood 
oysters were located in the seed area above the James River 
bridge. Spawning occurs over the natural beds which are mostly 
shallow with <3 m depth. Larvae are soon carried downstream in 
surface waters to Hampton Roads. In late summer, these deeper 
Hampton Roads waters are essentially homogenous for density 
allowing easy mixing by winds and tides to all depths. A tidal 
excursion was found by Pritchard (1953) to be about 6 nautical 
miles. Most oyster beds in the seed area are on the right side of 
the channel, looking upriver as seen in Fig. 8. Along the Newport 
News shore on the eastern side of the river, the channel runs 
close to shore with almost no flats until Hampton Bar is 
encountered below the city. Therefore, most larvae carried 
downstream on the right side in surface waters are quickly shunted 
into the channel in Hampton Roads. 
Dispersion of larvae continues as they are transported 
up the channel by flood tides, inshore over flats at high slack 
water, and mostly back into Hampton Roads on ebb tides (Fig. 8). 
Probably, larvae are recycled many times, and become more widely 
dispersed with each tidal cycle. Some are lost to the Bay at the 
mouth of the river. Swarms eventually become river wide although 
still patchy in distribution. Greatest density of early-stage 
larvae occurs in the channel which is the major upriver transport 
route. Some get trapped over flats by slow currents caused by 
marshes and other boundary effects. In the channel, density of 
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larvae is usually greatest in the lower river and decreases with 
distance upriver. After 1960, few larvae seemed to be carried 
very far upriver into thE~ seed area most years. This must be a 
consequence of reduction in size of broodstocks and initial larval 
populations rather than <:hanges in hydrography and predation 
effects. 
As larvae increase in size to umbo stages, they tend to 
be more abundant in deepE~r layers of water, which increases their 
chances of moving upstream in weak salt-wedge systems of late 
summer (Pritchard, 1955), Dispersal over flats requires that some 
larvae be in surface watE~rs of the channel or that channel waters 
continue over oyster bed1; at turns in the channel as occurs at 
Wreck Shoal. Setting is usually heavier on beds nearest the 
channel. 
My diagram of a theory of larval transport (Fig. 8) 
attempts to show density of larvae by thickness of arrows as they 
move up channel, over flats, and back into Hampton Roads. Swarms, 
a term which does not denote any ability of pelagic bivalve larvae 
to remain aggregated after spawning, are shown thematically by 
position relative to tidal stages. Swarms are probably more dense 
downriver and in the channel and less dense upriver and over 
flats. This emphasizes the importance of channel transport 
upriver. The trap-type estuaries discussed by Andrews (1979, 
1982b) also depend on channel currents to move larvae upstream, 
but there are much lower losses of larvae due to sills at the 
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mouth, low flushing rates, and greater trapping of larvae over 
shoal oyster beds or flats. 
Dye studies at the James River model at Vicksburg, Miss., 
showed that dye released in Hampton Roads reached Burrell Bay and 
Deep Water Shoal in 7 prototype days with densities of 10 to 100 
parts per billion (Hargis, 1966). Being motile, larvae probably 
do not become dispersed like conservative elements in tidal 
waters. However, they do occur as billions of larvae and early 
stages appear to be more or less uniformly distributed with depth. 
This suggests pass1ve dispersion and need for large numbers of 
larvae to insure that a few reach upr1ver oyster beds. Dye 
particles were most dense upr1ver during low freshwater flow 
regimes of 1000 cfs which approximates August-September conditions 
in the James River. At 3200 cfs freshwater discharge, the model 
showed fewer dye particle~s at Burrells Bay. This raises questions 
about the effectiveness of salt-wedge transport which is weakest 
at low flow rates. Larvae are subject to predation and disease 
losses, also. Similar movements of dye upriver in the Manokin 
River during low-density stratifications were reported by Carter 
(1967). However, flushing rates in this trap-type estuary are 
probably much lower than those in James River. Carter attributed 
dye transport upriver to southwest prevailing winds. 
I have difficulty accepting the theory that bivalve larvae 
rest on the bottom during ebb tide as suggested by Carriker (1951) 
and Wood and Hargis (1971). Some larvae are swimming at all 
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stages of the tide and this is not restricted to early-stage 
larvae. In my opinion, the cycles of abundance with tidal stages 
in 1965 reflect the reduction in density of larval swarms with 
distance upriver. At low tide the upper sectors of swarms were 
sampled at Jll and at high tide the denser lower sectors of swarms 
were sampled. The change in density over a 6 nautical mile 
excursion was about 5 to 1. It is a steep gradient of decline 
with distance upriver. The continuity of early stage larvae over 
11 days of sampling implies heavy losses of early-stage larvae and 
low rates of survival to advanced stages in the seed area. 
The salinity gradients in James River in late summer are 
weak both vertically and horizontally. Therefore, the tendency of 
advanced larvae to stay in deeper waters of the channel does not 
provide much source of transport upriver by the salt-wedge 
mechanism. More important, I believe, are the excursions of 
channel waters over the flats at high tides (net non-tidal 
transport) which permits trapping of some larvae over flats and in 
peripheral bays and marshes. The low-flushing seed areas such as 
St. Marys, Manokin and Great Wicomico rivers depend upon trapping 
larvae within the system, which permits transport up the channels 
and heavy setting at the salt-water head of the estuary (Manning 
and Whaley, 1954; Carter, 1967; Andrews,· 1982a and b). 
It is difficult to imagine how bivalve larvae rest on the 
bottom during ebb tides like coal particles (Wood and Hargis, 
1971). Because rapid increase of larval abundance occurs about 
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mid-flood tide when channel waters are spreading over the flats, 
larvae would have to be resting on bottom in the channel, for 
tides could not carry them from flats into channel currents at 
that time. Also, at mid-flood tide, larvae on the bottom must 
penetrate a meter or more of dense storms of sand and fecal 
particles. This would tend to interrupt swimming even if all 
particles were riding with the current. If larvae are to move 
upstream by this alteration of swimming on flood tides and resting 
on bottom during ebb tides, they should drop out at high slack 
water not mid-ebb tide. All laboratory evidence and many field 
observations suggest that larvae prefer to swim continuously which 
facilitates feeding and growth. 
There may be preferences by some species of bivalve 
larvae for certain layers of water as found in crab larvae 
(Sulkin, 1981), but these have not been demonstrated for bivalve 
larvae. In spring and fall, there are stronger salt-wedge 
currents which provide a mechanism for organisms to move upstream. 
Mya arenaria larvae are easier to find in the York River in fall 
than oyster larvae in the late summer despite small populations of 
adult spawners (mostly intertidal habitats). Setting is regular 
and intensive in fall and spring for Mya arenaria. Perhaps this 
is mostly a consequence of reduced predation by summer populations 
of invertebrates with the cessation of breeding, and the migration 
out of the Bay by most species of fishes. In Chesapeake Bay, Mya 
thrives best in moderately-low salinity sectors, therefore, its 
larvae must be able to stay upriver during the pelagic phase. 
-41-
The laboratory expE!riments that demonstrate tropisms to 
light and gravity are not: easily applied to most natural 
environments. The James River is murky with silt and plankton all 
through the warm season, and probably light has little effect on 
bivalve larvae. In an environment as dense as water, tiny larvae 
are not much burdened by effort to resist gravity. They must swim 
to feed and for their si2;e they are good swimmers. Salinity 
gradients are too low in late summer for much to be gained by 
responding to them. In all four years of sampling James River by 
depth in the c~annel and over beds, distribution of larvae was 
patchy but rather unifornt with depth except near boundary zones. 
Patchiness of larvae is not adequately explained, but is typical 
of all plankton organisms whether vertical migration occurs or 
not. Current regimes and. boundary topography probably account for 
much of the patchy distributions along with predation. 
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Summary of Bivalve Larvae Transport Studies 
Setting of oysters in the James River has been greatly reduced in 
intensity during the past 23 years, therefore, mechanisms of larval 
transport are increasingly important if effo~ts to restore the seed 
area are to be successful. Spatfalls in the seed area were reduced 
from one-fifth to one-tenth of the 1950's level following mortalities 
of broodstocks 1n 1959-60 on private beds near the mouth of the river 
and in the Hampton Roads area. The disease that killed the oysters 
caused by Minchinia nelsoni, (MSX), persisted through the 1960's and 
1970's, and thereby prevented replanting of private oyster beds. Most 
broodstocks are now confined to the seed area above Newport News where 
oysters are small and usually in poor condition; therefore, production 
of spawn is light for individual oysters. 
Setting was regular and moderate in intensity throughout the 
1940's and 1950's, and spatfall was continuous for about 100 days each 
summer. Plankton samples revealed that advanced oyster larvae were 
relatively scarce in the James River, even when setting was most 
intensive, compared to other seed areas in the Chesapeake Bay. After 
1960, setting became erratic with shorter periods of spatfall and most 
occurred in late summer around 1 September which was always the peak 
period. 
In respect to retention of bivalve larvae, the James River is an 
open-type estuary. The Potomac and Rappahannock rivers are also 
flushing-type systems that retain larvae poorly. Spatfall is 
typically heaviest at the mouth of these rivers with a gradient of 
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declining intensities with distance upriver. Most seed areas in the 
Chesapeake Bay are trap-type estuaries which exhibit heaviest setting 
1n the upper oyster-growing sectors of the systems. Trap-type 
estuaries are exemplified by Great Wicomico, Piankatank, St. Marys and 
Choptank rivers. The hydrography of these contrasting types of 
estuaries is influenced by antount of freshwater discharge received, 
presence of sills at mouths, and complexity of topography, which 
affect retention of larvae. 
In favorable years, the trap-type estuaries retain a far larger 
portion of available larvae, but setting may fail in some years, 
particularly wet ones. Small drainage areas and low freshwater flow 
in dry years favor setting in these estuaries. 
Despite relatively large populations of brood oysters, the 
open-type estuaries seem to retain only a small fraction of initial 
larvae populations. The distributions and intensities of spatfall are 
the best evidence of final occurrence and abundance of eyed or 
setting-size larvae. 
Four years of sampling bivalve larvae in the James River were 
chiefly useful in showing how, where and when to sample. Too few 
larvae were collected to define transport systems, and mostly 
early-stage larvae were found. Coarser nets and larger samples must 
be utilized if scarcity of larvae and reduced setting continue in 
future years. However, several useful concepts have evolved from 
extensive sampling in the James River. Patchiness of larvae was 
exhibited repeatedly and dye studies do not adequately represent 
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larval dispersion. However, within swarms, distribution tends to be 
similar throughout the vertical column of water. The channel has an 
important role in retaining larvae within estuaries. It may be more 
important in open-type estuaries where flushing is more intensive and 
recycling of larvae less likely. Boundary zones (interruptions of 
currents) tend to trap larvae, but are less favorable for transport of 
larvae. Boundary zones (near bottom or surface, shallow waters, 
marshes) are difficult to sa1:nple effectively and contain fewer larvae 
than mid-depth zones. The proportion of flats to channel in widths 
and areas are important in transport of larvae from channel to oyster 
beds. The smaller trap-type estuaries with tortuous topography have 
an advantage in this phase of transport. Sampling of mature larvae 
for prediction purposes must include deeper zones where late larvae 
are most abundant. 
All species of bivalve larvae appear to exhibit similar, 
relatively uniform distributions by depth. However, individual swarms 
vary in abundance and horizontal distribution. All species of bivalve 
larvae fluctuated in abundance synchronously by tidal stages during 8 
days of sampling in the James River in 1965. 
My concept of larval transport and retention mechanisms is 
diagrammed in Figure 8. In late summer when peak setting of oyster 
larvae occurs, Hampton Roads waters are nearly vertically homogenous 
for density. Larvae from spawn released over oyster beds are carried 
down-river into the wide channel in Hampton Roads which serves as a 
sump for larvae. Winds and tides easily mix larvae to all depths and 
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they are carried by tidal currents up the channel and over the flats. 
Larvae may be recycled several times in this way with increasing 
dispersion and losses to predators and Chesapeake Bay waters. 
Synchronous increases of spatfalls on all oyster beds in the 1950's 
were evidence that most swarms were riverwide when setting size was 
reached. 
It appears that reduction in size of broodstocks and low survival 
rate of larvae in the James River results in too few larvae to sustain 
setting rates comparable to those of the 1940's and 1950's. Since 
1960, setting seems to occur more by chance physical events (wind, 
storm, temperatures). There is no rhythm to spatfall although 
biological effects such as predation are probably unchanged. There 
was displacement of broodstoc.ks which are now confined to the seed 
area primarily. 
Unfortunately, building the broodstock populations back to their 
former levels is difficult. MSX prevents planting of Hampton Roads 
grounds in high-salinity areas, and no commercial source of resistant 
seed oysters exists in the Chesapeake Bay. Areas where MSX selects 
oysters for resistance such as Mobjack Bay and the Piankatank River 
should be tested for level of MSX resistance. These areas are 
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Fi{~ure 1· A map of the seed-oyster area exte,lding from near the 
James River bridge to Deep dater Shoa.l· Sampling stations 
are designa.ted in nautieal miles from the mouth of the 
river and by associated o~·ster beds on the shoals· 
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Average densities of all bivalve larvae in hourly samples at 4 depths in the channel, 
1965. Two sampling stations are designated by vessels anchored approximately 1 nautical 
mile apart in the channel. Total counts from 300 £ samples were averaged for 4 depths and 
adjusted to 100 £. Similar cycles of abundance occurred during 8 days of hourly sampling 
at 5 stations and all depths. Mostly early-stage larvae occurred throughout 10 days of 





















































Figure 3. Cyclic abundance of bivalve larvae with tidal stage is shown by.depths. Samples from 4 
depths were taken simultaneously with 4 submerged· pumps. Vessel Langley was anchored in 
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Figure 4. Cyclic abundance of bivalve larvae by tidal stages 1s shown for all species. High 
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Figure 6. Cyclic abundance of bivalve larvae by species with tidal stage for Pathfinder station, 
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Figure 8· A schematic diagram of t.r·ansport of bivalve larvae in the Jc-mes River• 
Oyster beds and larval swarms are designated only symbolically as to 
location• (}ilost larYae originated above the bridze after 1960·) 
Channel transport is emphasized vd.th densities of larvae suc:gested by 
thiclr.nss~> of arrows, but trc;nsport is ri.versi.de· 
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Table 1. Comparison of densities of bivalve larvae at three depths l.n channel at Jl7 
(1950). Counts per 10 liters in 100 liter samples. 
Time Surface 3ml 6m1 
Oysters Mussels Other Oysters Mussels Other Oysters Mussels Other 
bivalves bivalves bivalves 
30 August 
1000 0 209 0 0 47 7 0 0 0 
1200 0 77 0 4 151 39 2 81 65 
1400 5 150 56 16 200 83 0 53 12 
1550 
31 August 
08730 0 38 15 0 79 10 1 13 5 
0950 0 35 1 0 180 7 0 59 3 
1145 0 54 1 81 222 21 1 22 2 
1355 16 214 6 6280 226 30 7 201 372 
1555 0 76 80 95 163 46 
2200 26 456 69 6 309 31 0 few 0 
1 September 
1225 0 few 0 0 few 0 0 few 0 
0230 0 some few 0 few few 
0430 49 454 13 1 many few 
0600 0 231 83 26 397 147 3 183 16 
0800 0 some 0 0 few 0 
0950 14 82 1 11 176 13 0 few 0 
1400 5 347 4 111 202 22 36 128 124 
1600 0 few very few 810 361 0 0 very few 0 
2100 118 121 7 91 332 14 0 few 0 
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Table 1. (continued) 
Time Surface 3m1 6m1 
Oysters Mussels Other Oysters Mussels Other Oysters Mussels Other 
bivalves bivalves bivalves 
2 September 
0030 19 140 26 0 0 0 0 few 0 
1200 0 42 27 0 some few 0 few 0 
1400 4 101 149 0 37 42 
1540 472 169 29 3 122 142 
1750 0 5 2 58 129 35 1 28 4 
2000 647 136 9 35 258 799 0 115 80 
2130 0 119 91 0 many some 
2340 0 349 215 0 many few 3 218 11 
3 September 
0145 0 236 30 54 328 4 0 some 0 
0400 39 110 2 0 71 20 
0615 1 176 0 66 232 62 4 85 20 
0750 0 93 0 1 111 1 0 few 0 
0935 156 45 0 0 many few 0 many few 
1145 379 80 0 274 211 7 22 147 7 
1samples at 3 and 6 m were respectively 10 and 2.0 minutes later than stated time for 
surface samples. 
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Table 2. Densities of bivalve larvae at channel station (Maury) from 30 
August to 3 September 1950. Counts per 10 liters in 100 liter 
samples. 
Jl7 - Surface 
Oyster Larvae Other 
Time St. H. E. U. L. U. Eyed Mussels Bivalves 
30 August 
1000 strong flood 0 0 0 0 209 0 
1200 strong flood 0 0 0 0 77 0 
1400 high slack 5 0 0 0 150 56 
1550 strong ebb 
31 August 
0830 weak flood 0 0 0 0 38 15 
0950 strong flood 0 0 0 0 35 1 
1145 strong flood 0 0 0 0 54 1 
1355 weak flood 161 16 0 0 214 6 
1555 high slack 0 0 0 0 76 80 
2200 strong flood 25 0 1 0 456 69 
1 September 
0025 moderate flood 0 0 0 0 few 0 
0230 early ebb 
0430 strong ebb 
0600 strong ebb 0 0 0 0 231 83 
0800 strong ebb 
0950 weak ebb 14 0 0 0 82 1 
1400 strong flood 4 1 0 0 347 4 
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Table 2. (continued) 
Jl7 - Surface 
Oyster Larvae Other 
Time St. H. E. U. L. U. Eyed Mussels Bivalves 
1600 high slack 0 0 0 0 few very few 
2100 ebb 103 15 0 0 121 7 
2 September 
0030 ebb 19 0 0 0 140 26 
1200 strong flood 0 0 0 0 42 27 
1400 strong flood 
1540 high slack 
1750 moderate ebb 0 0 0 0 5 2 
2000 strong ebb 626 21 0 0 136 9 
2130 strong ebb 0 0 0 0 119 91 
2340 ebb 0 0 0 0 349 215 
3 September 
0145 flood 205 0 0 0 236 30 
0400 flood 
0615 ebb 314 1 0 0 176 0 
0750 late ebb 0 0 0 0 93 0 
0935 low slack 156 0 0 0 45 0 
1145 flood 379 0 0 0 80 0 
lstraight-hinge, early umbo, late umbo and eyed larvae, respectively. 
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Table 3. Densities of bivalve larvae at Wreck Shoal (J17E) from 30 August to 3 September, 1950. Counts per 10 
liters in 100 liter samples. 
Surface Bottom 
Other Other 
Time1 Tide2 Oysters Mussels bivalves Oysters Mussels bivalves 
30 August 
0830 early flood near slack 0 91 68 0 29 4 
1500 moderate early ebb 289 211 14 46 15 1 
1645 very strong ebb 163 217 48 28 43 8 
31 August 
0805 low slack water 0 60 15 0 10 2 
0920 moderate flood 1 235 52 0 82 11 
1100 strong flood 89 195 26 0 160 60 
1200 strong flood 200 195 .... , 0 235 11 /. 1:" .)1 .:>'+J 
1355 strong flood 290 230 39 62 70 139 
1513 high slack water 5 59 11 5 9 0 
1615 early ebb 324 350 41 185 99 21 
1715 moderate ebb 484 317 13 1 126 133 
1800 strong ebb 26 266 118 1 93 92 
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Table 3. (continued) 
Surface Bottom 
Other Other 
Timel Tide2 Oysters Mussels bivalves Oysters Mussels bivalves 
1900 late ebb 299 255 59 0 35 43 
2205 strong flood 51 126 80 0 27 11 
1 September 
0001 moderate late flood 1 232 203 0 42 45 
0200 near high slack 203 218 101 0 13 17 
0400 strong ebb 40 220 150 0 38 32 
0605 moderate ebb 0 196 35 0 78 23 
0900 low slack water 0 72 13 0 152 42 
1015 early flood 0 260 18 0 104 6 
1315 strong flood 20 165 79 3 45 74 
1432 strong flood 16 240 246 0 27 14 
1830 late moderate ebb 0 207 71 0 65 19 
2020 low slack 37 329 43 0 63 37 
2205 early flood 0 96 27 0 19 6 
2355 flood 3 134 45 0 8 3 
- 66 -
Table 3. (continued) 
Surface Bottom 
Other Other 
Timel Tide2 Oysters Mussels bivalves Oysters Mussels bivalves 
2 September 
0200 late strong flood 249 336 132 0 37 25 
0415 early strong ebb 45 176 53 0 143 28 
0550 strong ebb 14 68 83 0 72 22 
0910 low slack 0 91 7 0 8 7 
1030 low slack 0 20 3 0 18 4 
1200 early strong flood 0 73 6 0 44 10 
1350 strong flood 3 119 81 0 51 39 
1509 strong flood 14 283 63 1 205 70 
1800 moderate late ebb 98 156 87 
1845 late ebb 5 183 50 
1850 late ebb 1 30 12 
1955 late ebb 0 129 20 
2025 late ebb 33 331 95 0 121 58 
2210 low slack and calm 14 297 724 0 55 14 
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Table 3. (continued) 
Surface Bottom 
Other Other 
Time1 Tide2 Oysters Mussels bivalves Oysters Mussels bivalves 
2400 very slight flood 44 277 127 1 24 6 
3 September 
0210 early ebb 77 631 41 0 30 8 
0400 moderate ebb 432 450 119 3 12 8 
0615 late ebb moderate 131 358 253 5 125 47 
0745 late ebb 27 366 99 1 211 196 
1Bottom samples taken 10 minutes later than listed times for surface samples. 
2Tidal stages from notes on station. 
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Table 4. Counts of bivalve larvae l.n James River, 31 August 1964, in 




Tide Time Meters Counts by No/1009, 
31 August 1 2 3 
Max. ebb 0940 s 51 44 65 512 
1000 3 
1015 6 105 52 91 1120 
1033 9 67 60 50 678 
Early flood 1310 s 39 67 45 658 
1326 3 226 153 184 2425 
1342 6 108 82 89 1112 
1402 9 75 58 50 486 
1430 s 31 26 15 302 
1447 3 122 67 81 1277 
1508 6 79 51 69 889 
Max. flood 1530 9 47 44 39 498 
1554 s 32 29 21 340 
1612 3 38 37 31 507 
1630 6 19 14 19 175 
16502 9 10 6 20 159 
Early ebb 19033 s 18 14 17 
14 252 
19203 3 12 6 10 
3 15 6 140 
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Tide Time Meters Counts No/100£ 
31 August: 1 2 3 
1939 6 6 18 16 
13 211 
Early ebb 1958 9 Jlj. 11 12 
6 11 173 
2018 s 16 14 9 
10 10 188 
2037 3 16 13 14 
25 184 
2057 6 3Lj. 28 10 383 
2115 9 17 11 13 
14. 220 
2135 s 23 26 23 388 
2153 3 30 20 38 468 
2212 6 25 19 32 404 
Max. ebb 2230 9 8 3 10 
8 13 7 112 
2301 s 19 11 25 295 
2318 3 49 39 52 745 
2335 6 61 35 52 788 
2353 9 59 36 43 734 
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Tide Time Meters Counts by No/100£ 
1 September 1 2 3 
Early ebb 0818 s 29 13 15 303 
0838 9 24 28 23 209 
Late ebb 1145 s 14 19 13 
22 271 
1205 3 14 17 16 
19 240 
1225 6 47 44 54 771 
1245 9 25 10 20 198 
1 Each 2 ml sub-sample taken from top, middle or bottom of bottle 
respectively while being mixed by electric stirrer. Extra samples 
usually from middle. 
2 Seven subsequent samples not preserved, therefore counting by species· 
impossible. 
3 First samples counted Wt:!re mixed by bubbling air in bottle (?). 
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Table 5. Abundance of bivalve larvae by spec1es at J11 (channel) in 
James River, 31 August 1964. 
Larvae per 100 liters in 300 liter samples 
Time1 Depth Crassostrea Mulinia Others Totals 
0940 s 420 10 82 512 
1000 3 
1015 6 650 291 179 1120 
1033 9 325 217 136 678 
1310 s 461 13 184 658 
1326 3 1406 630 388 2424 
1342 6 640 366 137: 1143 
1402 9 485 173 208 866 
1430 s 157 18 127 302 
1447 3 415 215 194 824 
1508 6 587 230 71 888 
1530 9 318 100 80 498 
1554 s 150 61 129 340 
1903 s 17 115 120 252 
1920 3 24 73 43 140 
1939 6 44 115 52 211 
1958 9 29 99 45 173 
2018 s 22 112 54 188 
2037 3 72 115 84 271 
2057 6 93 167 123 383 
2115 9 32 108 80 220 
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Table 5. (continued) 
Timel Depth Crassostrea Mulinia Others Totals 
2135 s 85 160 138 383 
2153 3 133 149 94 376 
2212 6 184 163 57 404 
2230 9 32 62 30 124 
2301 s 191 42 62 295 
2318 3 501 158 86 745 
2335 6 288 424 76 788 
2353 9 158 468 108 734 
0818 s 0 207 96 303 
0838 9 46 109 54 209 
1145 s 142 105 128 375 
1205 3 125 43 72 240 
1225 6 370 118 252 740 
1245 9 57 42 26 125 
1Two sets of samples for 1600 and 1700 periods were not preserved or 
counted. 
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Table 6. Densities of bivalve larvae per 10 liters by species in channel at 
Brown Shoal, Jam,es River, on 3 September 1964 (J11).* 
Period No. Bivalve Larvae by Species 
of Depth M. c. Total 
Sampling (m) Tide Stage lateral is virginica Others1 Larvae 
1000 0 early ebb 1 7 7 15 
1020 3 7 40 14 61 
1037 6 17 51 19 87 
1051 9 
1100 0 1 0 2 3 
1116 3 7 82 29 118 
1130 6 36 159 33 228 
1145 9 51 73 34 158 
1200 0 max. ebb 6 16 7 29 
1213 3 62 294 31 387 
1228 6 230 406 40 676 
1244 9 49 180 44 273 
1300 0 4 11 2 17 
1314 3 41 227 30 298 
1328 6 26 78 14 118 
1343 9 19 25 10 54 
1400 0 1 14 3 18 
1414 3 53 445 31 529 
1426 6 55 91 17 163 
1440 9 29 43 14 86 
1500 0 late ebb 1 9 5 15 
1513 3 97 280 106 483 
1526 6 61 75 34 170 
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Table 6. (continued) 
Period No. Bivalve Larvae ~y Species 
of Depth M. c. Total 
Sampling (m) Tide Stage lateralis virginica Othersl Larvae 
1539 9 5 24 7 36 
1600 0 1 68 8 77 
1613 3 51 322 51 424 
1627 6 135 198 64 397 
1640 9 low slack 14 19 3 36 
1700 0 0 102 9 111 
1714 3 14 300 27 341 
1727 6 early flood 68 163 32 263 
1742 9 47 62 15 124 
1800 0 4 177 8 189 
1813 3 14 616 10 640 
1827 6 53 142 27 222 
1841 9 24 111 33 168 
TOTALS 1284 4910 820 7014 
AV. 37 140 23 200 
!Probably mostly hooked mussels. 
*70% oyster larvae. 
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Table 7. Densities of bivalve larvae per 10 liters in channel at 
Brown Shoal (Jll), James River, 3 September 1964*. 
No. Bivalve Larvae by Depth (m) 
Time Tide 0 3 6 9 
1000-1100 early flood 15 61 87 
1100-1200 3 118 228 158 
1200-1300 29 387 676 278 
1300-1400 max. flood 17 298 118 54 
1400-1500 18 529 163 86 
1500-1600 15 483 170 36 
1600-1700 high slack 77 424 397 36 
1700-1800 111 341 263 124 
1800-1900 max. ebb 189 640 222 168 
TOTALS 474 3284 2330 944 
AV. 47 328 233 105 
*70% oyster larvae 
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Table 8. Density of bivalve larvae per 100 liters at J-17 Channel in James River, 3 
September 1964 (Langley). 
~te:rs 
Depth Total 
Sample1 Time (m) <125 125-200 >200 Total Mulinia Arcids Others larvae 
Ll 1125 8 50 17 42 109 17 0 50 176 
L2 1208 0 11 0 0 11 11 11 0 33 
L3 1227 4 1,877 0 0 1,877 0 179 179 2235 
L4 1246 8 Muddy 
L5 1300 0 349 32 0 381 0 74 74 529 
L6 1325 3.5 818 82 0 900 20 61 41 1022 
L7 1345 7 412 252 137 801 160 137 46 1144 
L8 1359 0 429 40 0 469 27 67 107 670 
L9 1420 3.5 698 63 63 824 0 148 85 1057 
LlO 1442 7 201 218 84 503 33 50 251 837 
Lll 1500 0 285 11 0 296 11 84 137 528 
Ll2 1522 3.5 550 160 0 710 23 160 252 1145 
Ll3 1544 7 49 86 74 209 12 37 197 455 
Ll4 1600 0 177 48 16 241 16 97 451 805 
Ll5 1624 3.5 666 128 0 794 0 51 435 1280 
116 1646 7 0 59 215 274 0 39 665 978 
Ll7 1701 0 406 41 14 461 0 54 163 678 
Ll8 1725 3.5 318 49 24 391 98 122 611 1222 
L19 1743 7 427 197 66 690 66 263 624 1643 
L20 1800 0 202 34 0 236 22 56 247 563 
lsamples taken consecutively beginning at times shown from vessel Langley. 
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Table 9. Densities of advanced oyster larvae per 100 liters by depths at J17 
channel station in James River, 3 September 1964 •(Langley). 
Sample Total Oyster Larvae by Depths (m) & Sizes 
No Time 0 3.5-4.0 7.0-8.0 
<125 125-200 >20o" <125 125-200 >200 <125 125-200 >200 
L1 1125 50 17 42 
L2 1208 11 0 0 
L3 1227 1877 0 0 
L4 1246 Muddy ---- no count-·· raised intake thereafter 
L5 1300 349 32 0 
L6 1325 818 82 0 
L7 1345 412 252 137 
L8 1359 429 40 0 
L9 1420 698 63 63 
L10 1442 201 218 84 
Lll 1500 285 11 0 
L12 1522 550 160 0 
L13 1544 49 86 74 
114 1600 177 48 16 
L15 1624 166 128 0 
L16 1646 0 59 215 
L17 1701 406 41 14 
L18 1725 318 49 24 
L19 1743 427 197 66 
L20 1800 202 34 0 
TOTALS 1859 206 30 4427 482 87 1139 829 618 
AV. 266 29 4 738 80 14 190 138 103 
Table 10. Evaluation of aliquot method using electric stirrer, Jll, 31 
August 1964. 
Total Sample Count:s1 Estimates from 6 cc Aliquot Counts 
Sample Other Other 
No. Oysters bivalves Total Oysters bivalves Total 
21 120 446 566 52 737 787 
22 83 114 1972 76 365 442 
23 93 388 481 137 525 66'2 
24 121 380 501 90 450 540 
25 109 514 623 70 520 590 
26 148 421 569 225 625 850 
27 225 554 779 291 909 1200 
28 106 554 660 100 587 687 
29 281 870 1151 266 933 1200 
30 642 1148 1790 518 949 1467 
32 98 310 408 100 286 386 
112 minute samples of 310 liters each 
2May be tally error. 
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